Highlights • Biomass recoveries up to 99 ± 0.8 % were achieved with 20 ppm of flocculant • A model is developed that describes the recovery as a function of the dosage • The validated model predicts optimal dosage of flocculant • Flocculants account for a cost range between 0.15 $/kg biomass and 0.49 $/kg biomass
Abstract A mechanistic mathematical model was developed to predict the performance of cationic polymers for flocculating salt water cultivated microalgae. The model was validated on experiments carried out with Neochloris oleoabundans and three different commercial flocculants (Zetag 7557 ® , Synthofloc 5080H ® and SNF H536 ® ).
For a wide range of biomass concentrations (0.49-1.37 g L -1 ) and flocculant dosages (0-150 mg L -1 ) the model simulations predicted well the optimal flocculant-to-biomass ratio between 43 to 109 mg flocculant /g biomass . At optimum conditions biomass recoveries varied between 88% and 99%. The cost of the usage of commercial available flocculants is estimated to range between 0.15 $/kg biomass and 0.49 $/kg biomass .
Introduction
In microalgae cultivation and processing, harvesting using conventional centrifugation and filtration is energy demanding and expensive (Schenk, et In previous studies, already a variety of flocculants has been tested on microalgae (Vandamme et al. 2013 ). Flocculation of algae from a marine medium, however, is challenging as ions present in the culture medium shield the flocculant from interaction with microalgae and hinder floc formation (Pushparaj et The goal of the present study is to characterise and predict this effect of the flocculant dosage on the final biomass recovery obtained after flocculation. Based on experimentally obtained results, a mathematical model is developed to predict the optimal flocculant dosage required at different biomass concentrations. To test and validate the model three different commercially available cationic polymeric flocculants were used to flocculate N. oleoabundans cultivated under marine conditions.
Materials and methods

Microalgal strain and cultivation
Neochloris oleoabundans UTEX1185 was cultivated in salt water medium. The composition of the medium was: NaCl: 448.3 mM; KNO 3 Continuous stirring at 175 rpm and air sparging at a flow of 7 L/min was applied. The temperature was controlled at 25 ± 0.1 ˚C and the pH was kept at 7.5 by CO 2 supply.
The reactor was continuously illuminated with LED lamps at 625 nm with an average incident light intensity of 244 µmol.m -2 .s -1 . The microalgae were collected in a dark harvesting vessel and stored at 4 o C for one day before the flocculation experiments were performed.
The biomass concentration in the reactor was monitored via daily analysis of the optical density at 750 nm. At various moments, samples were taken. The biomass dry weight of these samples was determined according to Lamers et al. (2010) .
Using these biomass concentrations, an OD 750 versus DW curve was made for determination of the biomass concentrations based on the OD 750 .
Flocculants
The polymeric flocculants Zetag 7557 ® (provided BASF, Germany), Synthofloc The samples were transferred into a beaker glass and stirred using a magnetic stirrer at a stirring speed of 500 rpm. Flocculant was added from the stock solutions to the stirred suspension using pipetting at a dosage that varied between 0 and 100 ppm. Next to the input parameters, the model also has four different collision rate constants. These constants were fitted using a sum of squared errors method with the experimentally results obtained with the cationic polymers Zetag 755 and, SNF H536 at a flocculant dosage ranging between 0 to 100 ppm and a fixed initial biomass concentration of 0.46 ± 0.06 g/L.
Model validation
After determining the kinetic parameters by fitting the model on the experimental data To understand the decrease in biomass recovery obtained at elevated flocculant dosages that is presented in Figure 1 , we propose the mechanism presented in Figure 2 . The sequence of destabilisation and collision is a chain of events in which a recent formed floc will be destabilized again in order to further collide forming a new, larger floc. Eventually, this chain of events will result in a steady state. At this steady state, a constant particle size distribution will be present.
Model development
The proposed mechanism of Figure 2 was incorporated in a mathematical model.
This model was used to understand the effect of the flocculant dosage. In the model, three different classes of particles are taken into account: stable particle (C S ), destabilised particle (C D ) and inhibited particles (C I ). The particle size distributions of these classes are described classifying the particles by their number of cells. The detailed translation of the mechanism into a model is presented in the Appendix. For each population of particles, the reactions involved in the flocculation mechanism i.e.: adsorption, desorption, inhibition and flocculation, are assumed to follow first order kinetics with kinetic constants, respectively: β A , β D ,β I , β F .
We hypothesized that the values of β depend on the sizes of particles involved in the specific step of the flocculation network.
The adsorption constant ߚ is dependent on the surface area of the particles. With an increasing particle size, the chance of a flocculant being adsorbed on the surface is increasing as well.
Desorption is often dependent on the absorbed quantity. However, in our model the desorption rate is limited by the mass transfer of flocculants through the external layer surrounding the particle. Therefore, ߚ is assumed to be independently of the particle size, and constant:
The formation of inhibited particles depends by the capacity of the flocculant to completely cover the destabilised particle "i". With an increasing particle surface, more flocculant are needed. The chance of forming inhibited particles thus decreases with increasing particle surface areas and the rate constant ߚ ூ is described by
The flocculation of the particles is assumed to follow the orthokinetic collision mechanism as described by Smulochowski (1917) . With orthokinetic collisions, the volume of the particles is the predominant factor influencing the collision rate. The rate constant for formation of larger flocs ߚ ி is thus expressed in terms of the volume of the individual particles involved.
From the reaction network and the involved kinetics, the mass balances are derived for each element 'i' of the three classes. According to the mass balances, the elements element 'i' and 'j' can collide forming larger particles of class 'k' up to the largest size class 'N'.
Finally the mass balance of the flocculant is also taken into account:
To determine the biomass recovery from the population balances, it is assumed that after flocculation all the particles present at least in the second size class of the particle size distribution are able to settle (Tenney et al. 1969 ).
The experimental results obtained with Zetag 7557 and SNF H536 (Figure 1 ) are used to fit the four collision rate constants. Next to the fitting, the input parameters (OD 750 -cell number conversion factor, C i , C F and d cell ) of the model were experimentally determined (Table 1 ). An overview of the input parameters and the determined values of the collision rate constants are provided in Table 1 .
With the fitted values for the kinetic constants the model was used to predict biomass recoveries at different flocculant dosages. After fitting the average relative errors between predicted and observed biomass recovery was 5% for SNF H536 and 8%
for Zetag 7557.
Model validation at one biomass concentration
The goal of the model is to describe a general trend in the biomass recovery as a function of the flocculant dosage that is applicable for a large variety of cationic polymeric flocculants. Therefore, after the calibration of the model with the flocculants Zetag 7557 and SNF H536, the model was used to simulate the biomass recoveries at different dosages of a third flocculant at a constant biomass concentration of 0.46 g/L (Figure 3) . As a third flocculant Synthofloc 5080H was used. Figure 3 shows that a decrease in biomass recovery at elevated dosages is observed, just as with the other flocculants ( Figure 1) . The model showed a similar trend in predicting the biomass recoveries as a function of the flocculant dosage.
The predicted biomass recoveries are on average slightly higher than the experimental results with a relative error of 15%. This error is caused by our assumption that all flocculants behave similar. This resulted in similar parameters for the use of different flocculants. In reality these input parameters may deviate causing differences in predicted biomass recoveries. However, at the optimal flocculant dosage range of 20 to 50 ppm, the relative error is only 5%. This illustrates the ability to predict optimal flocculant dosages for multiple flocculants with the model.
Model validation at different biomass concentrations
Although the model is in agreement with the experimental data obtained at an initial DW of 0.46 ± 0.06 g/L, it is not known if the input parameters are also valid when higher biomass concentrations are applied. Additional simulations were therefore performed at an initial DW of 0.46 ± 0.06 g/L, 0.91 ± 0.005 g/L and 1.37± 0.005 g/L and at 50 100 and 150 ppm and compared with experimental data obtained with all three flocculants (Figure 4 ).
In Figure 4 , the flocculant dosages and used biomass recoveries of the 27 experimental points were used to calculate a flocculant-to-biomass ratio (mg flocculant /g biomass ). By doing so, we were able to present all the experimental data, obtained at different biomass concentrations in a single figure.
According to the proposed mechanism there is an optimal ratio between flocculant dosage and biomass recovery. When this ratio is exceeded, the recoveries are decreasing again. This is in accordance with both the experimental and simulated optimal dosage of 70 mg flocculant /g biomass , followed by a decrease in biomass recovery.
The biomass recoveries obtained with Zetag 7557 are lower than the predictions at dosages from 70 mg flocculant /g biomass onwards. In addition, these recoveries are also lower than the biomass recoveries obtained with the two other flocculants. This This cost estimation is slightly higher than the evaluation reported in the screening study of Roselet et al. (2015) . In that screening, using the marine microalgae 
Conclusions
In this study an experimental and modelling approach were used to propose a mechanism for flocculation. The mechanism enabled us to understand flocculation under various conditions. By predicting optimal flocculant dosages and comparing with the experimental results, this study revealed that there is an optimal ratio between flocculants and biomass that determines the needed amount of flocculant at various biomass concentrations. For N. oleoabundans this ratio is between 43 to 109 mg flocculant /g biomass . Although this is similar to dosages reported in other micro algal studies, it is approximately 10 times higher than the dosage used in the wastewater industry. Error bars represent biological replicates (n=2).
Figure 2:
Schematic overview of the interactions between algal cell particles and the flocculant. Table 1 : Input of the model: Next to the four collision rate constants ('β') that were determined using experimental determined data, also the biomass specific parameters (cell size and cell number conversion factor) are presented. 
